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Abstract 
Excellent properties of ADI (Austempered Ductile Iron) are widely praised by the world technical literature. These properties depend on 
the cast iron microstructure formed during the heat treatment process of a specific type. The matrix of ADI is a mixture of lamellar ferrite 
and high-carbon austenite. It seems, however, that it is the austenite that is responsible for the high strength and ductility of this material, 
although investigations and analyses have proved that it is not homogeneous. Various types of austenite found in the ADI matrix include 
unreacted austenite, stable austenite, and metastable austenite which will be transferred into martensite during machining of castings.  
In this study an attempt has been made to determine the fraction of metastable austenite and to evaluate its effect on ADI properties.  
The heat treatment enabled manufacturing ADI characterised by the following properties: T.S.>1000MPa, El.>10%, Y.S.>600MPa. As a 
next step, the controlled process of plastic deformation of the samples was carried out. Applying the new method it has been established 
that due to 15% cold work, the structure of the examined ADI contains 9% of martensite; this volume fraction goes up to 17% after 25% 
cold work. The results of the investigations were cofirmed by X-ray diffraction pattern analysis and magnetic measurements. 
Consequently, it has been proved that ADI characterised by properties satisfying the criteria of an international standard developed for this 
particular material contains a large amount of metastable austenite subject to the TRIP (Transformation Induced Plasticity) effect.  
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1. Introduction  
  
Ausferritic ductile iron has been classified by a European 
standard [3], which specifies a very wide range of its properties. 
The most representative ones, commonly quoted by technical 
literature, include good plastic properties of more than 10% for 
the tensile strength exceeding 850MPa, or extremely high tensile 
strength reported to go up to a level of 1600MPa in another ADI 
grade. Ausferritic ductile iron has also a number of other very 
advantageous features which make it applicable for various 
engineering and structural elements. The best known of these 
features include: damping capacity, density by 10% lower than 
that of steel, good machinability before heat treatment, surface 
hardenability of castings on rolling or ball peening, etc. 
So high properties of the ausferritic ductile iron are due to a 
properly conducted cycle of heat treatment, which consists of the 
operations of austenitising and austempering. Both these 
treatments are extremely important for the microstructural 
changes taking place in ADI, and hence also for the ADI 
properties. Austenitising stabilizes carbon content in austenite and 
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place after rapid cooling from austenitising temperature, is 
shaping the morphology of ferrite/austenite mixture (ausferrite), 
present at ambient temperature and responsible for the ultimate 
properties of ADI. According to this description, the heat 
treatment process of ductile iron seems to be both easy in 
practical execution and effective in obtaining the desired results. 
Yet, as proved by the investigations (Fig. 1), even if conducted in 
the best manner possible, the heat treatment can sometimes fail in 
satisfying the minimum criteria demanded by a respective 
standard. 
 
Fig.1. Graph illustrating the tensile strength-elongation 
dependence for values obtained in the experiments (dotted line), 
referred to minima demanded by the European standard (solid 
line) [based on own studies]. 
 
Both time and temperature of the austenitising treatment are 
very important for the kinetics of this process and for the obtained 
results, of which the most important is certainly carbon content 
present in the forming austenite. Temperature enables controlling 
the, possible to obtain, value of equilibrium carbon concentration 
in austenite, while time tells us when (or if) this moment can 
occur. The higher is the temperature of austenitising, the more 
rapidly proceeds the process of the matrix austenitising.   
The solubility of carbon from the graphite precipitates increases, 
austenite becomes more homogeneous, and the growth of its 
grains becomes more prominent.    
When the time of austenitising is long enough, it is possible to 
obtain an equilibrium carbon content in the forming austenite, 
which will be characterised by a temperature called MS. From the 
investigations it follows that for the cast iron grades which are 
processed to become ADI, the MS temperature will be at a level of 
about 150÷200qC. This will have a significant effect on the 
phenomena that take place during isothermal transformation. 
The effect of the, determined during austenitising process, 
carbon content present in austenite on the kinetics of isothermal 
transformation can be explained by analysis of the individual 
stages of its formation. The isothermal transformation begins after 
rapid cooling of castings from the austenitising temperature to 
230÷400qC. Figure 2 schematically depicts the formation of 
ductile iron matrix morphology during isothermal holding, 
compared with changes in MS temperature. At point A, when the 
time of isothermal holding is very short, the ductile iron matrix is 
of an almost purely martensitic type, except for a small amount of 
ferrite precipitates. This is due to an almost complete 
transformation of the thermally unstable austenite. At point B, the 
ductile iron will already have a complex matrix, composed of the 
lamellar precipitates of ferrite and undercooled metastable 
austenite containing 1,0÷1,6%C, which is formed due to 
saturation with carbon of the growing ferrite areas. At point C, 
austenite will be saturated with carbon to a level above 1,6%C, 
which will make it stable. This is the reason why now it will be 
called undercooled stable austenite. Further course of the 
transformation will initiate the precipitation of large amounts of 
carbon in the form of carbides, thus encouraging the formation of 
bainitic matrix in ductile iron – points D-E. In reality, the above 
mentioned types of microstructure will differ quite considerably 
and, because of microsegregations present in cast iron, may occur 
jointly at practically all stages of the isothermal transformation. 
This explains the differences of phase morphology in a matrix 
commonly known as ausferritic, i.e. composed of a mixture of 
lamellar ferrite and high-carbon austenite. Therefore, in regions of 
the high manganese and molybdenum content, the unreacted 
austenite may appear. It will be stabilised with these elements and 
will not undergo any transformation at ambient temperature.  
The best ADI properties are controlled by the time of 
isothermal transformation, ensuring the highest content of 
austenite in matrix [4]. The author assumes that this is also 
connected with the highest content of metastable austenite.   
 
 
Fig.2. Schematic representation of isothermal transformation in 
the heat-treated ductile iron. 
 
Austenite thermally and mechanically stable at ambient 
temperature seems to be the variation most desired in ADI [4]. 
And yet, much more interesting for the ADI optimum properties 
is the metastable austenite, especially the one in which the TRIP 
(Transformation Induced Plasticity) effect takes place. Due to the 
effect of stresses, this austenite is transformed into the strain-
induced martensite, the appearance of which in some steels 
enables obtaining the yield point of a value reaching 2200MPa 
and a unit elongation of 20÷25% [5]. 
The key to effective description of the martensitic 
transformation initiated by stresses in ausferritic ductile iron and 
to its effect on the properties of this material is  determining the 
content of metastable austenite in an overall austenite content in 
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impossible to perform.   Knowing properties of this phase and, 
first of all, its tendency to the strain-induced martensitic 
transformation, an experiment can be conducted, which will 
consist in plastic deformation of ADI samples and recording the 
content of martensite after each preset deformation rate. The first 
tests were carried out and published in 2003 by a team of the 
scientists from Chile [10]. The results have clearly indicated that 
after 25% cold rolling of samples one can establish the content of 
the strain-induced martensite and stable austenite. For example, in 
ADI containing altogether 35,8% of stable and metastable 
austenite (in the absence of martensite at ambient temperature), 
the 25% strain will result in 24% of martensite emerging in the 
structure [10]. So, this result confirms how important effect the 
metastable austenite has on ADI properties, especially on the 
grades characterised by high ductility and containing large 
amounts of austenite. The determination of its content in the 
phase structure of ausferritic ductile iron is important also for the 
obtained values of elongation and other mechanical properties. 
The author of this article has proposed an experiment which 
consists in upsetting the samples of ADI and determining by 
means of an original DM-test1 method, based on magnetic 
measurements, the content of metastable austenite undergoing 
transformation into martensite due to the deformation. The 
method is expected to become a tool useful in quick detemination 
on industrial scale of the content of metastable austenite, thus 
assisting greatly the manufacture of products from ADI. 
 
2. Investigation methods 
 
For investigations, an investment casting of the blade of an 
impeller operating in a shot blasting machine was selected. The 
casting was made from ductile iron melted in a medium-
frequency induction furnace of 500kg capacity and treated with 
NiCuMg17 master alloy in a Sandwich process. The casting was 
poured in a ceramic mould cooled in the air after the pouring 
process. The casting of the chemical composition given in Table 1 
was next sand blasted and examined for microstructure after de-
gating (Fig.3a). The casting was made at the Foundry Research 
Institute in Cracow in the Department of Ferrous Alloys. The heat 
treatment was carried out in an FPM 450-01 device operating at 
the Warsaw University of Technology. Austenitising was carried 
out for 2 hours at a temperature of 900ºC; austempering was 
carried out in a fluidised bed at a temperature of 370ºC for 60 
min. As a result of these operations, the ausferritic ductile iron 
characterised by microstructure shown in Figure 3b and 
mechanical properties satisfying the criteria of a European 
standard preset for material of this type was produced (Table 2).  
 
Table 1. Chemical composition of investment castings 
manufactured under the project [wt. %] 
 
C Si Mn  Mg Cu  Mo 
3,40 2,80 0,28 0,055  0,72 0,27 
 
 
Samples for investigations were prepared by cutting out from 
the investment cast rods, cylindrical test pieces of ø7x8mm 
(Fig.4); two ø7mm specimens were assigned for the static tensile 
test. Five cylindrical test pieces were subjected to upsetting on a 
universal 400kN force testing machine with 2D40 hydraulic drive 
made by WMW to produce cold work of 5, 10, 15, 20, 25%. The 
test pieces after upsetting and the base ADI sample were used for 
the hardness measurements taken by Vickers and Brinell methods. 
Phases were examined quantitatively on a Niselement BR30 
image analyser,  using also a magnetic method and a ferritoscope 
(DM-test1). The X-ray analysis was carried out on a Philips PW 
1850 apparatus (Cu tube) with X-Pert goniometer, while for 
metallographic examinations, an light microscope – LM 
(OLYMPUS IX70) and a scanning electron microscope – SEM 
(HITACHI 3500N) were used. 
 
a) 
 
 
 
b) 
 
Fig.3. Microstructure of ductile iron used in investigations: a) as-
cast; b) heat-treated 
 
Table 2. Properties of heat-treated ductile iron 
 
Sample
no 
T.S. 
[MPa]
Y.S. 
[MPa]
El. 
[%]  HB  Nodule 
/mm
2
Amount of 
graphite/ 
austenite 
[%] 
ADI 
TS1  1049 666 16  313 436  13,2/29,3 
ADI 
TS2  1003 640 13  306 296  12,7/24,2 
 
a)                                              b) 
    
Fig. 4. Samples after upsetting process: a) 5% cold work; b) 
25% cold work. Magn. x6. LM 
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Examinations of microstructure before and after the upsetting 
process indicate changes in the typical features of both graphite 
and cast iron matrix. Light microscopy of the images magnified 
x1000 reveals “flattening” of graphite nodules, which takes place 
with the increasing rate of sample deformation (Figs. 5,6). The 
maximum cold work of 25% has not caused any cracks in the cast 
iron microstructure. On the other hand, the ausferritic matrix is 
compacted, which on the nital-etched metallographic specimen 
cross-section manifests itself as a difficulty in recognising the 
individual structure constituents  (Fig.7). 
 
a) 
 
 
 
b) 
 
Fig.5. The distribution and shape of graphite in upset samples – 
sample edge: a) ADI after 5% cold work; b) ADI after 25% cold 
work. Magn. x100. LM 
 
Scanning electron microscopy performed at magnifications 
larger than LM reveals some transformations that have been 
induced by cold work performed on an ausferritic microstructure 
in the region of austenite (Fig.8a). They resemble transformations 
that occur in cryogenic treated ADI (Fig.8b) [11]. In both cases, 
the austenite fields comprise dark bands of martensite lamellae. 
Martensite might have been formed in these areas due to the 
effect of two different operations, though their final outcome was 
basically the same – a metastable austenite was transformed into 
martensite. Due to the different levels of cold work, a larger or 
smaller volume of austenite will undergo this transformation. 
From the results of the measurements carried out by a magnetic 
technique and using a ferritoscope it follows that the cold work of 
up to 15% gives the content of the strain-induced martensite at a 
level of 9%, while the cold work of 20% and 25% raises this level 
to a value well above 16% (Fig.9). Hence it follows that, as in the 
case described by Garin and Mannheim, the rate of the metastable 
austenite transformation will be the highest at a cold work of 
about 20%, i.e. when a maximum volume of this constituent is 
forming [10].   
a) 
 
 
 
b) 
 
Fig.6. Graphite morphology in ADI: a) before cold work; b) after 
25% cold work. Magn. x1000. LM 
 
a) 
 
 
 
b) 
 
Fig.7. Graphite morphology in ADI: a) before cold work; b) 
after 25% cold work. Magn. x1000. LM 
 
The appearance of the strain-induced martensite is also 
confirmed by the results of the X-ray diffraction patterns 
examination, shown in  Fig. 10 for samples before and after 20% 
and 25% cold work. The successive curves representing austenite 
(111) and ferrite (110) show some typical changes proceeding 
with the increasing cold work performed on ADI samples (the 
content of austenite decreases and the content of ferrite increases). 
Yet, ferrite does not undergo any transformation due to the cold 
work [10], and hence the question arises what exactly makes the 
(110) peak increase in height? The answer is that the (110) and 
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peak from ferrite overlap, which makes their separation 
impossible. This is the reason why with the increasing cold work 
of ADI samples, the growing (110) peak will be characterised by 
the appearance and growth of martensite content in a mixture of 
ferrite and  austenite. 
 
a) 
 
 
 
b) 
 
 
Fig. 8. Photographs of ausferrite with fields of martensite: a) ADI 
after 20% cold work; b) ADI after cryogenic treatment. Magn. 
x10000. SEM 
 
 
Fig. 9. Depicted relationship between content of strain-induced 
martensite and hardness in function of the cold work degree for 
ADI samples 
 
The presence of martensite in the light fields of austenite visible 
on a metallographic specimen cross-section has been further 
confirmed by Brinell hardness (Fig.9) and Vickers hardness 
measurements. Figure 11a shows increased hardness in the areas 
containing martensite, reaching nearly 800μHV0,01g. On the other 
hand, the fields with high ferrite content are characterised by a 
lower hardness of about 400μHV0,01g. The situation is similar in 
the case of ADI cryogenic treated in liquid nitrogen (Fig.11b), 
which indicates similar type of transformation in microregions, 
observed in both cases. In these precisely, larger fields of 
austenite, the conditions are the best to initiate the transformation 
into a strain-induced martensite. 
 
 
Fig. 10. X-ray diffraction pattern of ADI obtained on samples 
without cold work and after 20% and 25% cold work . 
 
a) 
 
 
 
b) 
 
Fig. 11. Microhardness measured in microregions: a) ADI after 
20% cold work; b) ADI after cryogenic treatment. Magn. x1500. 
LM 
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1. In spite of 25% cold work executed on ADI samples, no 
cracks have appeared in the cast iron microstructure. With the 
cold work degree so high, a severe deformation of the graphite 
nodules was observed. 
2. In the ADI matrix, a strain-induced transformation of 
austenite into martensite takes place. The transformation typically 
occurs in the regions of metastable austenite. 
3. The higher is the rate of the cold work, the more of the strain-
induced martensite will appear in the ADI matrix. At a cold work 
of about 20%, the content of the strain-induced martensite gets 
stabilized. 
4. With increasing cold work of ADI its hardness is increasing, 
too. 
5. Due to the conducted investigations it has been proved that 
the magnetic method using ferritoscope may be a tool very handy 
in evaluation of the strain-induced martensite content in ADI 
microstructure. 
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